ABSTRACT: The objective of the study was to evaluate differences in gait mechanics 5 years after unilateral anterior cruciate ligament reconstruction surgery, for non-osteoarthritic (n ¼ 24) versus osteoarthritic (n ¼ 9) subjects. For the involved knee, the osteoarthritic group demonstrated significantly lower peak knee flexion angles (non-osteoarthritic ¼ 24.3 AE 4.6˚, osteoarthritic ¼ 19.1 AE 2.9˚, p ¼ 0.01) and peak knee flexion moments (non-osteoarthritic ¼ 5.3 AE 1.2% Body Weight Â Height, osteoarthritic ¼ 4.4 AE 1.2% Body Weight Â Height, p ¼ 0.05). Differences in peak knee adduction moment approached significance, with a higher magnitude for the osteoarthritic group (non-osteoarthritic ¼ 2.4 AE 0.8% Body Weight Â Height, osteoarthritic ¼ 2.9 AE 0.5% Body Weight Â Height, p ¼ 0.09). Peak medial compartment joint load was evaluated using electromyography-informed neuromusculoskeletal modeling. Peak medial compartment joint load in the involved knee for the two groups was not different (non-osteoarthritic ¼ 2.4 AE 0.4 Body Weight, osteoarthritic ¼ 2.3 AE 0.6 Body Weight). The results suggest that subjects with dissimilar peak knee moments can have similar peak medial compartment joint load magnitudes. There was no evidence of inter-limb asymmetry for either group. Given the presence of inter-group differences (nonosteoarthritic vs. osteoarthritic) for the involved knee, but an absence of inter-limb asymmetry in either group, it may be necessary to evaluate how symmetry is achieved, over time, and to differentiate between good versus bad inter-limb symmetry, when evaluating knee gait parameters. ß
400,000 estimated individuals sustain an ACL injury annually in the United States, and at least 100,000 individuals undergo ACL reconstruction (ACLR) each year.
1,2 Premature development of knee osteoarthritis (OA) despite ACLR is a growing concern. 3 Estimates of radiographic knee OA 5-7 years after ACLR range from 12% to over 60%, [4] [5] [6] and as high as 74% at 10-15 years after ACLR. 3 While the mechanism leading to knee OA remains yet to be identified, excessive joint loading is believed to be one of reasons that causes degeneration of cartilage. 7 Multiple factors, including initial insult due to injury, 8 have been correlated to onset and development of premature knee OA after ACL injury and surgery (ACLR). 9 One factor associated with medial compartment knee OA in subjects after ACLR is altered knee gait mechanics after surgery. [10] [11] [12] [13] The prevalence of medial compartment knee OA, compared to lateral compartment knee OA, has been explained, at least in part, by the greater load in the medial versus lateral knee compartment during gait. 14, 15 In the sagittal plane, subjects with unilateral ACLR demonstrate a smaller peak knee flexion angle in the ACLR versus contralateral knee during the weight acceptance phase of gait (i.e., the weight bearing period during the first 25% of stance phase). 16 Also in the sagittal plane, a lower peak knee flexion moment after ACLR has been correlated to unfavorable morphological changes in the medial tibial cartilage. 17 In the frontal plane, a higher peak knee adduction moment during gait has been suggested as a potential mechanism for higher medial compartment loading and OA development after ACLR. 13 In the sagittal plane, external knee flexion moment during gait is balanced by muscle co-contraction, which induces a compressive knee joint load. 18 While knee flexion moment influences the magnitude of the total knee joint load, knee adduction moment modulates the distribution of the total knee joint load between medial and lateral knee compartments. However, it is not clear whether flexion and adduction moments are correlated in ACLR subjects, or whether a correlation exists for both non-OA as well as OA groups.
Neuromusculoskeletal (NMS) models that utilize information derived from electromyography (EMG) signals during gait have enhanced the capability of traditional gait analysis, by allowing an estimation of loading in the medial compartment of the knee. 19, 20 Utilizing these methods, studies have shown that 6 months after ACLR, subjects who go on to eventually develop knee OA demonstrate a lower medial compartment load in the ACLR knee, compared to those who do not develop knee OA. 6 Inter-limb differences as well as inter-group (non-OA vs. OA) differences in gait mechanics are also present 6 months after ACLR. 6 However, these inter-limb and group differences diminish in magnitude 1-2 years after ACLR. 6 Given that not all subjects develop knee OA after ACLR, comparing the nature and progression of joint biomechanics in non-OA versus OA ACLR groups may be the key to develop rehabilitation strategies, to delay the progression of the disease.
With that background, the objective of the study was to evaluate whether inter-group (non-OA vs. OA) and inter-limb differences in knee gait mechanics exist 5 years after ACLR. The following hypotheses were evaluated 5 years after ACLR surgery, for the ACLR knee during the weight acceptance phase of gait: Compared to the non-OA group, the OA group will demonstrate lower peak knee flexion angle and moment. For both groups, the peak knee flexion angle and moment will be positively correlated. Compared to the non-OA group, the OA group will demonstrate greater peak knee adduction moment. For both groups, the peak knee flexion and adduction moments will be negatively correlated. For both groups, the magnitude of peak medial compartment load will be similar. Finally, we also evaluated inter-limb asymmetry for each parameter mentioned above, for both groups.
METHODS
The current study design provides level III evidence. The study population included 40 subjects from part of a larger trial of individuals after ACLR who had undergone progressive, pre-operative rehabilitation training. 21 The 40 subjects were included as they had completed radiographs 5 years after ACLR, which were required to determine the presence/ absence of radiographic knee OA. The study was approved by the Institutional Review Board at the University of Delaware. All subjects were provided with written consent forms for the study. Each subject was a regular participant in level I-II cutting and pivoting activities prior to ACL injury. Minimal knee joint effusion, full knee range of motion and quadriceps strength criteria of at least 70% of the contralateral limb were used for inclusion. 22 Exclusion criteria encompassed concomitant repairable meniscus injuries, grade III injury to other knee ligaments, and full-thickness articular cartilage lesions greater than 1 cm 2 diagnosed before ACLR or contralateral ACL injury after ACLR. Either a four-bundle semitendinosus-gracilis autograft or soft tissue allograft was used for surgery. Signs of knee OA were evaluated from posterior-to-anterior bent knee (30˚) radiographs 5 years after ACLR. SigmaView software (Agfa HealthCare Corporation, Greenville, SC) and the KellgrenLawrence (KL) system were used to grade levels of OA in each tibiofemoral compartment. 23 The presence of OA in each compartment was operationally defined as a KL grade !2. Twenty-four subjects did not have knee OA in the ACLR knee, and were included in the non-OA group (Fig. 1) . Nine subjects had medial compartment knee OA in the ACLR knee, and were included in the OA group (Fig. 1) . Seven subjects were excluded for this analysis due to presence of OA only in the contralateral knee (n ¼ 3) and only in the lateral knee compartment (n ¼ 4). For all subjects with medial compartment knee OA, the osteophyte was located near the medial joint margin (Fig. 2) .
Five years after ACLR, each subject performed multiple gait trials wearing shoes. Kinematic parameters were recorded using an eight infrared camera setup (Vicon, Oxford Metrics Limited, London, UK) and retroreflective markers at a sampling rate of 120 Hz. Retroreflective markers were placed on bony landmarks at each lower extremity, with rigid marker shells placed at the pelvis, thighs, and shanks. 24 Subjects walked at a self-selected speed along a 6 m walkway. Walking speed was maintained within AE 5% during the testing session. Kinetic parameters during gait were recorded using a force platform (Bertec Corporation, Worthington, OH) at a sampling rate of 1080 Hz. Stance phase knee kinematics/ kinetics were processed using inverse dynamics in Visual3D (C-Motion, Germantown, MD). Knee joint angles and moments were time-normalized to 100% of stance phase and knee moments, expressed in the tibial coordinate system, were normalized to % Body Weight Â Height (% BW Â HT).
The testing protocol also included surface EMG data collection during gait. 25 EMG was band-pass filtered (20-500 Hz) prior to sampling, and then sampled at 1080 Hz using a MA-300 EMG system (Motion Lab Systems, Baton Rouge, LA). EMG electrodes were placed over muscle bellies of seven muscles crossing the knee joint, for each limb. The flexor muscles included semimembranosus, long head of biceps femoris and medial/lateral gastrocnemii, while extensor muscles included rectus femoris and medial/lateral vasti. For each muscle, EMG data was high-pass filtered (2nd order Butterworth, cutoff ¼ 30 Hz), rectified, low-pass filtered (cutoff ¼ 6 Hz) to create linear envelopes, and normalized to maximum EMG found during maximum voluntary isometric contractions or gait trails. EMG for semitendinosus and short head of biceps femoris were set to be equal to linear envelopes of semimembranosus and long head of biceps femoris, respectively. EMG for vastus intermedius was calculated as the average of medial and lateral vasti linear envelopes. Next, linear envelopes from the muscles were used as input in a previously validated EMG-informed NMS model, described in detail elsewhere. 19, 26 EMG-informed NMS modeling involves subject-specific anatomical scaling (for muscle moment arm estimation) and calibration (for muscle force estimation) to minimize the squared difference between net internal and external sagittal plane knee moments. Subject-specific anatomical scaling is based on marker data from a standing trial, and it enables muscletendon length and moment arm estimations using stance phase kinematics (SIMM 6.0, Musculographics Inc., Chicago, IL). Subject-specific calibration involves adjustment of two global strength coefficients, as well as adjustment of parameters in the muscle activation and muscle contraction subcomponents. The muscle activation sub-component transforms EMG signal to a muscle activation measure, and is characterized by four adjustable parameters. The muscle contraction sub-component transforms muscle activation to muscle force. It is a modified Hill-type representation of a muscle fiber in series with a tendon and is characterized by two adjustable parameters (optimal fiber length and tendon slack length). Optimized muscle forces and frontal plane moment arms are then used to balance the external frontal plane knee moment. 27 This allows for subject-specific prediction of medial compartment joint loads, averaged for three predicted walking trials. The medial compartment joint loads thus obtained were normalized to body weight (BW). Normalization of joint load and joint moment aids in reducing effects of body weight, height, and gender, when comparing differences between (non-OA vs. OA) groups. 28 Chi-square tests were used to test non-OA versus OA group differences for sex and graft type, while independent t-tests were used to test group differences for age, mass, height, and walking speed during gait trials. The key parameters of interest were peak knee flexion angle, peak knee flexion moment, peak knee adduction moment, and peak medial compartment force, during weight acceptance. Independent t-tests were performed to test for differences between non-OA versus OA groups. Mean AE standard deviations (SD), 95% confidence intervals (CI) and effect size (Cohen's d) were computed. For both groups, the following linear correlations and regressions were also evaluated: Peak knee flexion angle versus peak knee flexion moment, and peak knee flexion moment versus peak knee adduction moment. Statistical analysis was conducted using JMP (Cary, NC). Statistical significance for all tests was set at a 0.05. Gait data from 12 control subjects was used to determine meaningful inter-limb difference (MILD) thresholds for the key parameters of interest, using the methodology for estimating minimum detectable change. 25 The control group consisted of five women and seven men, with the following subject characteristics (Mean AE standard deviation): age ¼ 21 AE 3 years, mass ¼ 75 AE 18 kg, height ¼ 1.73 AE 0.1 m, walking speed ¼ 1.6 AE 0.2 m/s. An inter-limb difference that was greater than the MILD threshold was interpreted as a reliable indication of inter-limb asymmetry.
RESULTS
The non-OA versus OA group demonstrated no differences for sex, graft type, age, mass, height, and walking speed 5 years after unilateral ACLR (Table 1) .
Sagittal Plane Kinematics and Kinetics
For the ACLR knee, the OA group demonstrated a significantly lower peak knee flexion angle (effect size ¼ 1.23, Fig. 3 
The OA group also demonstrated a significantly lower external peak knee flexion moment (effect size ¼ 0.78, For each group, the peak knee flexion angle and peak knee flexion moment demonstrated a significant positive correlation (Non-OA:
Frontal Plane Kinetics
For the ACLR knee, the difference in external peak knee adduction moment between groups approached significance, with the OA group demonstrating a 
Peak Medial Compartment Knee Joint Force
For the ACLR knee, the difference in medial compartment knee joint force was not significant between groups (effect size ¼ 0.07, Fig. 6 ). 95%CI: Non-OA ¼ 2.2-2.5 BW, OA ¼ 1.9-2.7 BW.
Inter-Limb Difference
Three out of nine subjects in the OA group had knee OA in the contralateral knee, in addition to the ACLR knee. These three subjects were not included in the evaluation of inter-limb differences. For both non-OA and OA groups, the mean inter-limb difference was less than the meaningful inter-limb difference (MILD) threshold for each parameter, that is, both groups demonstrated symmetry between limbs, for each parameter (Table 2) .
To summarize, the hypotheses pertaining to smaller peak values for sagittal plane kinematics and kinetics in the OA (vs. non-OA) group, was supported. Both groups also demonstrated a positive correlation between peak values for sagittal plane kinematics and kinetics. For frontal plane kinetics, the OA group did not demonstrate significantly higher peak knee adduction moment (although it approached significance), and the hypothesis was not supported. The hypothesis pertaining to a negative correlation between peak knee flexion and adduction moment was supported for the OA group, but not for the non-OA group. Both groups did demonstrate similar peak values of medial compartment load. Finally, both groups demonstrated symmetry between limbs for each parameter.
DISCUSSION
In the current study, for the ACLR knee, the OA group demonstrated a significantly lower peak knee flexion angle during the weight acceptance phase of gait. This observation is in line with previous reports that investigated the changes in sagittal plane kinematics in relation to OA. 29 A lower peak knee flexion angle has also been observed for subjects who undergo ACLR and demonstrate quadriceps weakness, when compared to uninjured controls. 30 The rationale as to why a smaller peak knee flexion angle during weight acceptance would be detrimental for the cartilage is the potential shift in contact location. Between 0˚and 30˚of knee flexion, joint contact in the medial compartment can shift posteriorly with an increasing knee flexion angle. 31, 32 Hence, the smaller the peak knee flexion angle, the more anterior the contact location in the medial compartment of the knee. Knowing that the medial tibial cartilage in the anterior region is thinner compared to the weight bearing region, even a normal medial compartment load magnitude can induce high stresses in the thinner anterior region of the cartilage. 33 For peak external flexion knee moment during gait, studies have shown smaller values during weight acceptance in relation to OA progression, based on inter-group (non-OA vs. OA) and inter-limb differences, up to 1 year after surgery. 30, [34] [35] [36] These differences diminish in magnitude and are not found 3 years after surgery. 35 In the current study, the OA group demonstrated a smaller external peak knee flexion moment in the ACLR knee during weight acceptance, compared to the non-OA group. Both non-OA and OA groups demonstrated a positive correlation between peak knee flexion angle and moment, similar 14 Also, a high peak knee flexion moment at baseline has been correlated to a reduction in medial tibial cartilage thickness over 5 years. 37 Considering these findings, the lower magnitude of the peak knee flexion moment in ACLR knee of subjects with OA, by itself, may not be linked to a detrimental effect on cartilage thickness. It is also difficult to estimate whether a smaller peak knee external flexion moment corresponds to an increase or decrease in medial compartment load, as net external flexion moment does not provide any insight about the level of muscle co-contraction.
In the frontal plane, a larger knee adduction moment is linked to an increase in the medial compartment load. Compared to healthy controls, individuals who develop knee OA demonstrate greater knee adduction moments. 14, 38 However, up to 3 years after surgery, there is limited and conflicting evidence about the knee adduction moment being higher in the ACLR knee, compared to the contralateral knee and healthy controls. 11, 13, 35 In the current study, the peak knee adduction moment during weight acceptance was not different for the non-OA versus OA group. The knee adduction angle during gait can also be linked to the contact location as well as the medial versus lateral compartment load distribution. 39 While an accurate in vivo measurement of the knee adduction angle is difficult in a standard gait experiment, there is some evidence in literature that peak knee adduction moment is positively correlated to the peak knee adduction angle. 40 Although not significant, the OA group did demonstrate a greater peak knee adduction moment compared to the non-OA group in the current study. Hence, if the peak knee adduction angle in these OA subjects were also greater, the increased varus angle during gait would shift contact closer to medial margin of the medial compartment. It is in this region where radiographic osteophytes were observed in subjects with OA (Fig. 2) .
Subjects with large magnitudes for both peak knee flexion and adduction moments tend to have a large medial compartment load, while subjects with small magnitudes for both parameters have a small medial compartment load. The latter condition is more likely to be true when pain reduction may be the goal. However, it is not clear whether peak knee flexion and adduction moments are correlated in subjects that demonstrate evidence of radiographic knee OA without pain. In the current study, the non-OA group did not demonstrate a significant correlation. Interestingly, however, the OA group demonstrated a significant negative correlation between external peak knee Figure 6 . Peak medial compartment force during gait for non-OA versus OA subjects, Mean AE SD (BW, body weight; pMCF, peak medial compartment force; OA, osteoarthritis; ACLR, anterior cruciate ligament reconstruction; SD, standard deviation). 
An inter-limb difference greater than the MILD threshold is considered asymmetrical (ACLR, anterior cruciate ligament reconstruction; MILD, meaningful inter-limb difference; OA, osteoarthritis; SD, standard deviation; BW, body weight; HT, height; pKFA, peak knee flexion angle; pKFM, peak knee flexion moment; pKAM, peak knee adduction moment; pMCF, peak medial compartment force).
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flexion and adduction moments in the ACLR knee 5 years after surgery. Evaluating the correlation in a larger number of subjects with knee OA will help verify or reject this possibility. It is not clear as to why such a relationship may exist, but since some level of inter-limb symmetry is desirable for smooth gait, the relationship between peak knee flexion and adduction moment could be a consequence of neuromuscular control aimed at maintaining symmetry. The OA group may be maintaining the magnitude of the medial compartment load either through a combination of high peak flexion moment and low peak knee adduction moment, or, a combination of low peak knee flexion moment and high peak knee adduction moment. This implies that a high peak knee adduction moment may not always result in a high peak medial compartment load, at least in the OA group. In the current study, the peak medial compartment load magnitudes were similar for both non-OA and OA groups. For the two groups, peak extensor muscle force (sum of extensor muscle forces at peak knee flexion moment 24 ) was not significantly different. 95% CI: non-OA ¼ 2.6-3.2 BW, OA ¼ 2.0-2.8 BW, p ¼ 0.12, effect size ¼ 0.64. Peak flexor muscle force (sum of flexor muscle forces at peak knee flexion moment 24 ) was also not significantly different between groups. 95%CI: non-OA ¼ 0.9-1.2 BW, OA ¼ 0.8-1.7 BW, p ¼ 0.21, effect size ¼ 0.52. Although not significant, the OA (vs. non-OA) group demonstrated lower peak extensor muscle forces and higher peak flexor muscle forces. Thus, despite differences in net external peak knee moment between groups, the peak medial compartment load magnitude was not different, based on muscle activation, muscle co-contraction and muscle forces during gait.
Pertaining to inter-limb symmetry, smaller peak knee flexion angles during the weight acceptance phase have been reported in the ACLR versus contralateral knee 6-12 months after ACLR.
16 At 1-3 years after ACLR, there is evidence of no difference in peak knee flexion angle between the ACLR and contralateral knees. 35 Our study also did not show any interlimb differences for either group, at 5 years after ACLR. These data suggest that inter-limb differences in peak knee flexion angle during weight acceptance are resolved over time. However, for the ACLR knee, as noted above, the OA (vs. non-OA) group demonstrated a smaller peak knee flexion angle during weight acceptance at 5 years after surgery. It is plausible that inter-limb symmetry in non-OA versus OA groups is achieved in different ways after ACLR, over time. This is in line with the notion that maintenance of some level of symmetry between two legs is desirable for smooth gait, and to maintain the same, changes may be seen in the uninjured contralateral knee, in addition to changes in the ACLR knee. 41 A similar argument could apply to inter-limb symmetry observed for all other gait parameters. For the OA group, this could mean an increased risk of knee OA in the uninjured contralateral knee over time, in addition to the ACLR knee. Hence, rather than evaluating just the inter-limb symmetry, it may be necessary to differentiate between good versus bad inter-limb symmetry, when evaluating knee gait parameters. In this context, good symmetry would mean that the contralateral knee gait parameter magnitude (at an early time point after ACLR) is the goal, and over time, the ACLR knee tries to match the contralateral knee. On the other hand, bad symmetry would mean that the ACLR knee gait parameter magnitude is the goal, and over time, the contralateral knee tries to match the ACLR knee. Long term follow-up evidence over multiple time points after ACLR can help verify this possibility, 6, 15 and MILD thresholds can be used to evaluate symmetry. Further work needs to be done, possibly using a combination of modalities used for studying the knee, including magnetic resonance imaging (MRI), 42, 43 finite element (FE) modeling, 44 and biplanar fluoroscopy studies. 45 This would help verify whether the kinematic, kinetic, and joint load magnitudes observed after ACLR in subjects with medial compartment OA, are, in fact, associated with a detrimentally high cartilage stress close to the region where osteophytes are observed.
Our study findings should be interpreted with limitations in mind. In the current study, we used radiographs, and not MRI, to detect the presence of OA. Compared to radiographs, OA related changes in knee cartilage can be located and detected sooner using MRI. 46 Based on a priori power analysis with peak medial compartment load magnitude as the key variable of interest (a ¼ 0.05 and effect size based on minimum detectable change 25 ), the sample size of the current study was sufficient to yield a power of 0.8. Further work with a larger OA cohort and greater power may better evaluate differences in all knee gait parameters between non-OA versus OA groups. Due to the sample size, differences based on sex were not considered. In the current study, 5 out of 13 women (38%) versus 4 out of 20 men (20%) showed signs of medial compartment knee OA. While pre-clinical animal studies have shown that sex can effect biomechanical outcomes of ACLR, 47 clinical follow-up using radiographs in human studies indicate that sex may not be a determining factor in the development of knee OA after ACLR. 15 The effect of sex on incidence of knee OA after ACLR is an on-going debate and more evidence is required to verify this claim. Differences in the transverse plane 48 between groups were not included in the current study. A recent systematic analysis and meta-review has failed to draw any conclusions about changes in transverse plane kinematics and kinetics after ACLR. 35 Transverse plane knee parameters are typically smaller in magnitude (compared to the sagittal plane), and future studies that include biplanar fluoroscopy may be better suited to identify group differences, if present. While medial compartment knee OA is more common than lateral FIVE YEARS AFTER LIGAMENT RECONSTRUCTION compartment knee OA (which was also true for the current study), cases of lateral compartment knee OA after ACLR have been reported. 49 Changes in gait mechanics related to medial versus lateral compartment knee OA are likely different. Due to the smaller number of subjects with lateral compartment knee OA, those subjects were excluded from the analysis. Further studies with a larger sample size that include subjects with lateral compartment as well as medial compartment knee OA may provide insight related to differences between the two (medial vs. lateral compartment) OA groups, in comparison to the non-OA group.
It should be noted that the results of the current study demonstrate differences in (non-OA vs. OA) groups and correlations in gait parameters, but not causality. The observed differences may be due to underlying biological changes during onset and progression of knee OA. In conclusion, 5 years after unilateral ACLR, the OA group demonstrated significantly lower peak knee flexion angle and moment, compared to the non-OA group. The peak knee flexion and adduction moments were negatively correlated for the OA group, while peak medial compartment joint load for the two groups was similar. Given the presence of inter-group differences (non-OA vs. OA) for the ACLR knee, but an absence of inter-limb asymmetry in either group, it may be necessary to differentiate between good versus bad inter-limb symmetry, when evaluating knee gait parameters.
